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RESEARCH MEMORANDUM

EXPERIMENTAL EVAIUATION OF GASEOUS HYDROGEN FUEL
IN A 16-INCH~-DIAMETER RAM-JET ENGINE

By E. E. Dangle and William R. Kerslake

SUMMARY

The combustlon efficiency of geseous hydrogen fuel was determined
in a 16-inch-diameter ram-jet engine in a comnected-plpe test facility.
Operating conditions simulated Mach numbers of 2.5 and 3.0 gt altitudes
of 51,000 to 66,000 feet and 63,000 to 89,000 feet, respectively. Com~
bustor modifications included two fuel-injector desligns, several combus-
tor lengths, and tests with and without flameholders. Combustion effi-
clencies were measured by three techniques: a heat balance after adding
quench water, direct temperature measurement by thermocouples, and total-
pressure measurements at the exit of a choked convergent exhaust nozzle.
The agreement among the three methods was reasonsbly good.

A combustor length of only 16 inches gave combustion efficiencies
of 90 percent or greater for equlvaelence ratios from 0.5 to stoichio-
metric. The engine started at pressures as low as 7 inches of mercury
gbsolute and ran very smoothly at all operating conditions.

INTRODUCTION

The analytical investigations of references 1 and 2 have shown that
the high heating value of hydrogen and its stable burning quality over
wide ranges of pressure gnd fuel-air ratio make hydrogen a desirable
fuel for long-range high-sltitude ram-jet spplication. Furthermore, the
refrigerant cgpacity of liquid hydrogen mskes 1t particularly attractive
as a coolant for high-speed flight spplication.

The high flasme speeds associsted with hydrogen indicste the proba-
bility of high combustion efficiencies slong with high hest-release
rates. This, in turn, would indicate that the combustor designed to
burn hydrogen could be considersbly shorter than a hydrocarbon combustor
and still operate with high, if not higher, combustion efficiency. Be-
cause 80 little information is availeble on the combustion characteris-
tics of hydrogen under conditions similar to those encountered in an
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actual ram-jet combustor, an Investigation was maede to evalumte the com-
bustion efficiency of gaseous hydrogen in a ram-jet combustor snd to
establish a combustor design for further study in a supersonic tunnel
facility.

The following conditions were 1nvestigsted with a l6-inch-diameter
ram-jet engine Iin & connected-pipe facility: combustor inlet pressure
of 13 to 50 inches mercury sbsolute; inlet veloclity of 110 to 340 feet
per second based on a l6-inch-diameter crpse section; inlet alr tempera-
tures of 1200, 2300, and 640° F. The two lower temperatures correspond
to conditions in a particular supersonic wind tunnel at Mach numbers of
2.5 and 3.0, respectively. The highest temperature simlates a flight
Mach npumber of 3.0 above the tropopause.

APPARATUS

Engine installation. =~ The installation of the l6-inch-dlameter
rem~-jet engine in the pipe facllity 1s shown in figure 1. The combustor
length, varied during the test progrem, was measured from the fuel-
injector tubes to elther a quench water spray or the throat of a conver-
gent exhaust nozzle. The engline was mounted in a connected-plipe setup
and exhsusted through an ejector system. Air flow to the engine was
controlled by a butterfly valve upstream of the engine and was metered
by an orifice im the supply line. The inlet air was heated to 120° or

230° F by a gas-fired heat exchanger, and to 640° F by a combustor placed

directly in the alr line. The air contained combustion products O to 8
percent by weight as a result of putting the combustor (assumed 100~
percent efficient) in the air line; oxygen coucentration varied from 23
to 21 percent by weight. The rem-jet-engine exhsust gases were cooled
in a calorimeter consisting of a water-spray quench section and wabter-
cooled outlet duct. The resulting gas and steam temperatures were
measured. o . o ’

Fuel-injection system. - The hydrogen fuel wag supplied in cylinders
with total capacities of 420 pounds of hydrogen and gas pressure of 2400
pounds per square inch gage. The fuel was taken directly from the ¢ylin-
ders through pressure reducing valves, a metering orifice, and a throt-
tling valve to the engine. Gas analysis of the hydrogen indicated i1t
was more than 99 percent pure.

Two fuel-injector designe were used in the investigation. The first
fuel injector consisted of three concentric rings with six supply struts.
The ringe were split into six equal sectors, and a total of 432 injection
holes, 0.055 inch in dismeter, were drilled as shown in the sector l1n
figure 2(a). Nine-tenths of the fuel sprayed cross stream, whlle the
remainder sprayed downstream.
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The second fuel injJector consisted of 12 radial spray bars equally

spaced around the combustor.

Figure 2(b) shows one of these spray bars.

Each bar contained 14, 3/32-inch-diameter fuel orifices spraylng cross
stream and located &t centers of equal duct areas.
choked at the injectlion holes of both injectors over the entire fuel flow

range. :

Hydrogen flow was

Engine conflgurstions. - Changes in the centerbody design, fuel in-

Jectors, flameholders, burner length, and exhaust nozzle area resulted
in the following engine conflgurations:

Combustor
components

Engine configurations

A

B

c

Centerbody design

Tepered to a point-
taper at 25° angle
(fig. 3(a))

Tapered to a 2-inch-
dlameter stub-taper
at 25C angle (fig.
3(p))

A 1/6-sector of configu-
ration A (5/6 of config-~
urstion A blocked-off).
Engine centerbody served
as bottom wall to 1/6-
sector (fig. 3(c))

Fuel injectors

3 concentric-ring
injectors (fig.
2(a)) blocking 17
percent of engine
open srea

12 radial injJectors
(fig. 2(b)) blocking
10 percent of engine
open sres

3 concentric-ring in-
Jectors (fig. 2(a))
blocking 17 percent of
sector open area

Flamehalder

No flameholder

6 radigl V-gutters
(£ig. 2(c)), block-
ing 20 percent of
engine open ares,
used only in run 10;
remaining runs with-
out flemeholders

No flameholder

Exhaust-nozzle
area and combus-
tor length (com~
bustor length
defined as dis-
tance from fuel
Injectors to
water sprays, un~
less otherwise
specified)

(a) 0.5 nozzle
(11..3~1inch-
diameter); combus-
tor length, 26
inches (fuel in-
Jectors to _
thermocouples)

(b) 1.0 nozzle (16~
inch~dlameter};
combustor length,
28 inches

(¢) 1.0 nozzle (i6-
inch~diameter);
combustor length,
16 Inches -

(a) 0.5 nozzle
(11.3-inch-~
diemeter}; combustor
length, 36 inches
(fuel injectors to
thermocouples )

(b) 1.0 nozzle (16-
inch-dismeter); com-
bustor length, 44
inches

No exit restrictions;
combustor length, 26
inches (fuel injectors
to thermocouples)
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Instrumentation. - A water-cooled totél-pressure rake was located
s0 that the pressure tubes were in the plane of the englne exhsust noz~
zle throat. The rake consisted of 15 total-pressure tubes located in
the centers of 7 equal areas. Pressures from the rake were measured
with a strain-gage pressure transducer and recorded on & moving strip
chart. Staetlic pressure was messured at the throat of the nozzle and 1
inch downstream of the nozzle at the 16-inch-diameter wall. The combus-
tor inlet static pressure was measured where the centerbody was 8 inches
in diameter for configuration A, and 7 inches in dismeter for configu-
ration B. '

Bare~wlre chromel-slumel thermocouples were located 1/4-inch dowvn-~
stream of the plane of the engine exhsust nozzle throat. Direct temper-
ature measurements were made with 16, 34, and 44 thermocouples. For
those runs 1n which 16 thermocouples were used, only one guadrant of the
exhaust nozzle was instrumented; when 34 and 44 thermocouples were utl-
lized, the entire nozzle was uniformly instrumented. The heat-balance
thermocouple station was loceted 24 feet downstream of the engine ex-
haust nozzle. This thermocouple station consisted of 16 thermocouples
located in the centers of equal areas across the 24-inch-diameter ex-
haust duct. ' oot o T ’ ’

PROCEDURE i
Operating conditions. - The following table indicates the range of

combustor inlet conditions over which the engline was operated and the
corresponding simulated flight conditions.

Inlet-air static pressure, 23 to 45 |20 to 45 |13 to 45
in. Hg abs

Inlet-alr temperature, OF 120% 230%* 640

Inlet Mach number 0.171 to {0.220 to |0.214 to

0.094 0.070 0.115

Simleted flight Mach number 2.5 3.0 3.0

Simulated flight altitude, £t | 66,000 to|80,000 to|89,000 to
51,000 | 63,000 | 63,000

*Maximum temperature for supersohic wind tunnel at corre-
sponding Mach number.

Air mass flow was set at 15.2 pounds per second corresponding to critical

gir flow in the 1l6-inch engine at a wind tunnel condition of Mach number
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3.0 and gltitude 72,000 feet. Because of the limited capacity of the
exhaust system, the engine air mass flow was reduced to 7.6 pounds per
second for the low-pressure tests. The exhausting ejectors were run at
full capacity to obtain the minimim combustor pressure for each data
point.

Combustlon efficiencles. - Three techniques for obtaining combustion
efficiency were concurrently used in most of the runs. The engine was
started at lean equivalence ratios, and the equivalence ratic was then
increased in steps to the maximum equlvalence ratic. Equivalence ratio
is the metered fuel-alr ratio divided by the stoichiometric fuel-air
ratio of 0.0294 for hydrogen and air. The engine was operated at each
equivalence ratio while data for all three methods of instrumentation
were taken. The three methods employed were heat balance (calorimeter),
direct temperature, and total pressure.

The hegt-balance system 1s similar to the method ocutlined in refer-
ence 3. Combustion efficiency is defined as the ratio of the enthalpy
change of fuel, alr, quench water, and engine cooling water to the theo-
retical lower heating value of the gsseous fuel (51,571 Btu/lb). This
method was employed throughout the entire equivalence-ratio range.

Direct temperature messurements of the exheust gases were made up
to equivalence ratios of approximstely 0.35, at which point the thermo-
couples began burning out. From the averaged, corrected, total temper-
atures at the nozzle throat (see appendix), the enthalpy of the exhaust
products was determined from a plot of combustion temperature against
equlvalence ratioc. Combustion efficiency was then defined as the ratlo
of the enthalpy of the exhsust products to the theoreticsel lower heating
value of the gaseous fuel.

Total pressuree, measured at the throat of a choked nozzle, were
used to calculate a total temperature (see appendix), and the combustion
efficiency was determined as with the total-temperature method. The
total-pressure method was employed only with the 0.5 ares exhaust nozzle
and then only when this nozzle was choked. The nozzle was assumed choked
when the exhaust-nozzle pressure ratlio was 2.15 and greater. This lower
limit for the nozzle pressure ratio is taken from reference 4.

RESULTS AND DISCUSSION

The performences of the three configurstions for ell operating con-
ditions are summarized in teble I. In general, the combustion efficien-
cles of the three configurations were 90 percent or greater in the higher
equivalence-ratio regions (0.4 to 1.0); in the lean regions (0.4 and
lower) the efficiencies fell off and in some cases rather raplidly. The
combustion efficiencies determined from the three methods of instrumenta-
tion (heat balance, thermocouple, and total pressure) are also presented

in teble I and sre generally in good agreement.
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Effect of Inlet Parameters and Déslgn Variables
on Combustion Efficiencles

Effect of temperature. - For equivalence ratios of 0.5 and greater,
a change in inlet-alr temperature from 230° to 640° F had no effect on
the combustion efficiencies of configuration A (fig. 4(a)). A 95-percent
combustlon-efficlency level was maintained from equivalence ratiocs of 0.5
to 0.9. However, at the lean equivalence-ratios, the curve for 230° F
fell off more rapidly than the one for 640° F.

The effeét of inlet-alr temperature on configurstion A was somewhat
obgcured by a change in the distance of fuel spray to water quench which
coincided with the change in air tempersture. Data taken with 230° F -
inlet air were obtained with a 34-inch combustor length, whereas those
for 640° F were with a 28-inch combustor length. The distance between
the fuel injectors and the thermocouples remained constant. The combus-
tion efficlencies determined from the direct thermocouple measurements
were in agreement with the heat-balance efficlencies, which indicates
that the combustor length had no effect on the heat-balance efficilencies
becesuse combustion was essentlally complete at the thermocouple station.

Figure 4(b) is a comparison of the combustion efficiencies of con-
figuration B with 120°, 230°, and 640° F inlet-air temperatures. No -
effect of inlet-alr temperature is apparent. The peak efficlency of the
curve faired through the data points was 94 percent at equivalence ratios
of 0.5 to 0.7. There was a small drop at rich operation, however, and the
fall-off in efficiency for lean operation was shifted to an equivalence
ratio of 0.3. Configuration B had a combustor length of 44 inches.

Effect of pressure. - The effect of combustor inlet-alr pressure on
the combustion efficlency of configuration A is shown in figure 5(a).
For equivalence ratios above 0.7, the efficlency for inlet pressures from
13.2 to 22.6 inches of mercury ebsolute (run 7) is about 3 percent less
than the efflclency for pressures from 28.8 tc 50.5 inches of mercury
ebsolute (run 2). Below 0.7 equivalence ratio, efficiency at the lower
pressures drops off rapidly but has a pecullar rise below 0.3 eguivalence
ratio. This unusual rise In combustion efficiency could be due to in-
strument error but is corroborated by both the heat-palance efflciencies
and the direct-temperature efficilencies. Similsr rises in the lean range
were also noted in the daste of runs 3, 4, and 6. The combustor length
for the pressure investigation was 28 inches, and burner lnlet velocitiles
ranged between 340 to 184 feet per second for both high-pressure and low-
pressure operation. It was possible to maintain similar combustor-inlet
velocities at the two pressure levels by varying the alr flow to the
engine. . _ . .

Figure 5(b) compares configurstion B at two combustor pressure
levels, 25 to 45.7 inches of mercury absolute for high-pressure opersation
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and 19.9 to 34.6 inches of mercury sgbsolute for low-pressure opergtion.
There was no effect of pressure on the combustion efficlency in the range
investigated. Runs 4 and 8 had the same air flow, but run 8 had a lower
pressure range because the 1.0 engine exhaust nozzle was used.

Owing to the limited exhaust capacity of the test facllity, a further
decrease in combustor pressure could be achieved only by reducing combus-
tor cross-sectional area and air flow. Accordingly, a l/6-sector of con-
figuration A, designsted configuration C, was tested. The combustion
efficiency of configurastion ¢ (fig. 5(c)) is based on direct-thermocouple
measurement only. No heat-balence data are presented because equilibrium
temperstures could not be estsblished in the calorimeter section with the
reduced maess flows and velocities. The date indicate that the combustion
efficiency of the L/S-sector at pressures of 9.2 to 1ll.4 inches of mer-
cury sbsolute was 18 to 6 percent lower than configuration A at pressures
of 23 to 45 inches of mercury absolute. However, the sector data are un-
corrected for heat loss to the burner walls which, when accounted for,
would probably incresse the combustion efficiency another 6 percent. In
view of these results, it appears that decreased pressures resulted in
little decrease in combustion efficiencies up to an equivalence ratio of
0.3. T

Effect of flasmeholder. - Flgure 6 is & plot of the combustion effi-
clency of configuration B with a radial V-gutter flameholder (rum 10) aend
without a flameholder (run 4). There was little improvement in the com-
bustion efficiency when using the flameholder and the efficlency was even
slightly decreased in the lean region. In the rich region, the combus-
tion efficiencies for the combustor with a flameholder were slightly
higher than the combustor efficiencies for the combustor without a fleme-
holder. The flameholder was probebly not a flameholding device at all,
but rather a weak turbulence generator. The hydrogen possibly did not
penetrate far enough to be caught in the recirculation zone of the
V-gutter. A section of one of the concentric tubes of configuration A
was run in & small test rig at simlilar conditions to the 1l6-~inch engine.
Sodium bicarbonate dust was introduced upstream of the fuel spray tube
and the now-lumlnous flame was observed through a window. Flame segted
at each of the injection holes in the fuel spray tube, but penetrsted
less than 1/8 inch into the air stream after flowing 1 inch downstream.

A flameholder in the ususl sense was not needed to burn hydrogen at
the pressures encountered in the test program, since the fuel burned
dlirectly from the fuel spray tubes. Some type of flame-promoting device
might be used upstream of the fuel injectors to incresse fuel-air mixing,
but this increase In blockage might be used to,better adventage by in-
creasing the number of fuel injectors. Configuration A was not tested
with a flameholder.
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Effect of combustor length. - Combustion efficiencles are plotted
in figure 7 for configuration A with a 16-inch combustor length (fuel
spray tubes to waster quench). The water quench spray was approximately
at the end of the cone diffuser. The lower pressufe range (13.2 to 24.0
in. Hg abs) was chosen to impose severe combustor condition. The meas-
ured combustion efficiencies for the 16-inch length (maximum of 96 per-
cent) were slightly higher than or equal to those with the 28-inch com-
bustor length. Configuratlon B was not tested wlth different combustor

lengths.

In some ram-jet engine nomenclature, the combustion chamber is de-
fined as the distance from the end of the diffuser to the entrance of
the exhaust nozzle. In configuration A, the diffuser ends at the begin-
ning of the convergent nozzle, thereby msking it a zero-length combustor.

Temperature profiles. - The temperature profiles at the exhaust-
nozzle throat, uncorrected for radiation and recovery errors, are shown
in figure 8. Profiles were drawn at 2100° F and every 300° F lower. The
temperature profiles are plotted for configurations A and B and for two
inlet-alr temperatures with configuration A. The equlvalence ratios were
approximately 0.3l and the combustor length {fuel spray to thermocouples)
was 26 inches for A and 36 inches for B, Configuration B demonstrated a
hotter core than configuration A. Increasing the inlet-air temperature
from 230° (fig. 8(a)) to 640° F (fig. 8(c)) resulted in a more uniform

ocutlet profile. _ i}

Configurstion B was the first configuration teeted, and conflgure-
tion A, the result of applying certain design principles learned from
configuration B, was designed to give better distribution of the fuel
with the entering air and thereby & more uniform ocutlet temperature.

The fuel was injected farther upstream in the snnular areas where the ve-
locity profile was more uniform. The profile at the end of the diffuser
or fuel-injection station for configurstion B was irregular because of
the sharp 25° diffuser angle coupled with the higher blockage at the
center of the spoke-design fuel injectors. At the same time, configurs-
tion A increased the nunmber of injection holes, which also improved the
fuel distribution. Figures 8(a) and (b) show the improvement in the tem-
persture profile at the engine exhaust nozzle as a result of these deslgn

changes. .

To show the tempersture spread in another way, a mean average tem-
perature spread AT, was calculated end is plotted against equivalence

rgtio in figure 9.

N=N
DlTav = TT.C.I
N=1

N
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where

Tn, . Individual thermocouple reading

T arithmeticeal average of N thermocouple readings

av

Configuration A consistently had less spread than configuration B,
particularly at higher equivslence ratios.

Comparison Between Methods of Determining Efficlency

In figures 4 to 7, it is evident thalt reasonsbly good agreement
existed among the efficiencles determined from the three methods of meas-
urements. The maximum difference between the heat-balance and the ther-
mocouple efficiencies was approximstely 8 percent, and the maximum 4if-
ference between the heat-belance and the total-pressure method was
approximately 11 percent. Efficlencies determined from direct thermo-
couple and total-pressure measurements were generally higher than the
heat-balance efficiencles, indicaeting that the combustion process was
essentially completed by the time the geses reached the thermocouple and
pressure~-rake stations.

The heat balance is probably the most accurately determined combus-
tion efficiency of all the methods. It is a measure of the chemical hest
released, however, and not that heat necessarily avallasble for propulsive
energy.

Ignitlion Characteristics

Starting. - Ignition was successful with a spark at sll conditions
encountered with the available facilities. Heat addition was noted in
the engine before & measureable fuel flow was regched. The following
teble contains the most severe (lowest pressure, highest velocity) in-
let conditions at which the engline was started.

Config-|Pressure,| Temperature,| Velocity,| Minimm
uration| in. Hg oF ft/sec | measurable
equivalence
ratio
A 22.0 230 354 0.020
A 13,1 640 410 .020
B 18.6 230 296 .020
C 7.1 230 130 .035
C 8.8 230 166 .035
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Genergl operation. - The engine started very smoothly with no in-
crease In noise. Pressure and temperature lnstrumentstlion were needed -
to determine whether combustion was taking place. No roughness or in-
stebility wes encountered st any equivalence ratio or at any pressure
over the range of 9.2 to 50.0 inches of mercury absolute. Burning was
sustained from the minimum measursble fuel flow to 1.3 eguivalence ratioc.
The uncooled centerbody taper, extending beyond the fuel spray tubes in
configuration A, showed no demage except heat discoloration after 90

minutes of operation.

SUMMARY OF RESULTS

The following resulis were obtained from the combustion of geseous
hydrogen fuel in a l6-inch-diameter ram-jet engine for a range of inlet-
alr pressures of 9 to 50 inches of mercury absclute, velocltlies of 340
to 110 feet per second, and temperatures of 120°, 230°, and 640° F:

1. Hydrogen was burned with a maximum of 96 percent efficlency in a
16-inch combustor length with no flemeholder, and at a combustor inlet
pressure of 21 inches of mercury absolute.

2. Hydrogen demonstrated no combustlon limits or instabilities when .

no flameholders were used over & pressure range of 9 to 50 inches of
mercury absolute and equivalence ratios of 0.08 to 1.30.

3. The hydrogen combustor ignited at pressures as low as 7 1nches
of mercury sbsolute with sperk ignition, nc flameholder, inlet velocity
of 130 feet per second, snd alr temperature of 230° F.

Lewis Flight Propulsion Laboratory
National Advisory Committee for Aeronautics

Cleveland, Ohio, October 26, 1955
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APPENDIX - DATA REDUCTION METHODS
SYMBOLS
area, sq ft
erea flow coefflclent
acceleration of gravity, 32.2 ft/secz
enthaelpy rise of exhaust products, Btu/lb air
Msch nunber
number of thermocouples
static pressure, in. Hg &bs

total pressure, in. Hg &bs

gas conmstant, £t/°R

mean ‘temperature deviation, ©F

radiation error, °F

' static temperature, °R

temperature measured by thermocouple, °Rr
totel temperature, °R

welght flow

weight flow of alr, vitiasted or nonvitisted, 1b/hr
weight flow of fuel, 1b/hr

equivalence ratio
ratio of specific heats

combustion efficiency, percent
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Subscripts:
n nozzle exit
t total

w weighted

Direct~thermocouple combustion efficlency. -~ The thermococuple read-
ings were corrected for radiastion and recovery errors as outlined in
reference 5. The conductlon loss was assumed negligible for sn uncooled
stem. The wire calibration was neglected because the thermocouples were
burned out in each run. A wire emissivity of 0.8, a wire diameter of
0.020 inch, & nonluminous flame, and a low duct-wall temperature were
used in the general radiation-error equation to obtain the working
equation il . o Tt TTm s s

T 3.82
T.C. 1
1600 VLT,

The gpproximetion slign is used because the anelysis is for a wire cylin-
der lunstead of the short twisted thermocouple junction that was actually
used. Radiastion errors were sbout: 200° F for a reading of 2300° F,
120° F for a reading of 2000° F, end 20° F for a reading of 1000° F.

AT % 0.557 (

The recovery error is thet fraction of the totel temperature not
recovered by a thermocouple wire and is a function of Mach number. A
value for the recovery error was plcked off the experimental curve shown
here:

.06
528
£8P ~ o il
Bo 8 ° 1
E"O'g 7 B
—
mgg //
B .02 -
o Q % "
o B8
s ol
S 4 D .6 o7 .8 .9 1.0

Stream Mach number
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To mass-weight the thermocouples, the following assumptions were
made:

1. Static pressure was constant across the plane of the thermo-
couples. Total pressure was measured with a 2 to 3 percent profile;
therefore, Mach number and static pressure would also be constant, as-
suming a value of t varylng with the temperature profile.

2. Conditions at the nozzle throst were the same as those at the
thermocouple plane 1/4 inch Gownstream.

3. Each thermocouple measured an area equal to An/N. This assump-

tion was checked by meessuring equal temperature areas of profiles as in
figure 8, mass-weighting these areas, and caelculating a combustion effi-
ciency; the profile method agreed with the equal-area method.

A mass-weighted temperature was then defined as

_ W
Tr,w = Ty (WE7N)

where w is the actusl weight flow through an area An/N, whose temper-
ature is the corrected thermocouple temperature T.. The average flow

through An/N area was wh/N. Substituting the continuity equation for
the weight flows gave

r-1y2

o _m Tt,n TRn L 2 M
t,w T 7T Ty ToR Tn -1
1+ ——M

The values of Tt,n’ YTns @nd R, were bulk values evaluated from heat-

balance combustion efficiencies; v+ and R were evaluated from the in-
dividual corrected thermocouple reading Ti{. M was evaluated from a

measured total-to-static pressure ratlio at the nozzle exit. The accu-~
racy of M was of little importance in the equation. An arithmeticsl
average was taken of the Tt,w velues, and this average mass-weighted

temperature was used with flgure 10 to determine the enthalpy rise of
the exhaust products.

Combustion efficiency was defined as

_ AH %100
nb ——-—_'W'-f-

51,571 ~
Vg

o
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Total ~-pressure combustion efficiency. -~ The continulty equation was
written for the convergent-nozzle exit using totel tempersture, total
pressure, and a flow area ccefficient.

Thé
°F Pt,n An MpAfR—
v Tt)n = -Yn+l

Tn -1 > ZzTn—ls
Wpll + —=— Mg

2

If the ratio of the wall static pressure, memsured 1 inch downstream
of the nozzle, to the average total pressure messured by the rake was
more than the critical pressure ratio, the nozzle was assumed choked.

The value of 7y varied from 1.40 to L.25 deépénding on the tempersture
and gas composition at the nozzle exit. A value of 0.98 was chosen for
cyp from reference 4 because the nozzle could not be calibrated with

cold flow owing to the limlted exhaust facilities. The measured nozzle
areg of 101.4 square inches was reduced by 2.8 square inches to correct
for the blockage of the pressure rake. Substituting these values gave

the following equation

Tn+l

Z(1-Tg)

P Tn ffn + 1
5 ft,n n n
‘VT.b,n = 9.67x10 -—;&i— ﬁ (——-2——)

As the pressure rake was designed with probes in centers of equal
aress, an arithmetical average of the rake was used for Py 5 By as-
z

suming 100~percent combustion efficlency, ideal values of Tn and. Rn

were dependent only upon equivalence ratio.

The value Tt,n wes then used with figure 10 to obtaln the enthalpy
rise of the exhaust products and, thus, the combustion efficiency.
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16 L 4 NACA RM E55J18
TABLE I. - PERFORMARCE OF HYDROGEN IN A 16-INCH-DIAMETER RAM-JET ENGINE
Combustor length Hydro-{ Equiva- Combustor inlet alr Exhaust -] Combustion
from fuel injectors|gen lence nozzle efficlency
welght|ratio  |Pressure, |Tempera-|Ve- pressure
To quench | To pres-|flow, ' in. Hg abs|ture, locity,| ratio Heat| Total| Bare-~
spray sure 1b/hr OF ft/sec bal-| pres-{ wire
nozzles rake and ance| sure | thermo-
thermo- couples
couples
Run 1: Configuration A, 0.5 nozzle, no flameholder
34 26 238 {0.150 22.7 232 246 1.51 }51.1 53.5
288 .181 23.86 232 237 1.55. {51.9 S58.0
250 .219 25.2 233 223 1.57 59.9 87.3
411 .257 26.8 233 209 1.81 71.3 77.5
462 .289 28.0 233 200 1.60 |73.2 T4.7
497 .311 29.2 234 192 1.63 77.9 79.0
555 .346 31.8 234 177 1.76 [85.2
633 .395 33.1 234 . 177G 1.81 (89.2
882’ .539 36.8 234 153 1.87 92.6
1095 .685 . 42,2 237 134 2,06 [95.4
| 1322 .827 45.0 234 125 2.16 95.1j102.4
Run 2: Configurstion 4, 0.5 nozzle, mno flameholder
28 26 236 10.228 28.8 642 317 1.85 [85.7 88.0
288 .280 29.9 640 304 1.92 87.5 g1.0
350 .299 31.0 640 293. 1.92 84.6 88.8
394 .324 32.0 839 285 1.94 |86.8 80.4
450 360 33.1 639 - 273 1.95 {87.0 90.2
546 .416 . 35.4 639 258 1.97 187.1
640 .473 37.3 641 246 1.98 |95.3
754 .543 39.4 642 232 1.97 85.7
947 . 862 42.3 644 217 2.00 |91.9
1076 .T40 . 44.3 643 203 2.07 95.9
} 1336 . 907 47.2 645 192 2.10 |94.8
{ 1626 {1.060 50.5 643 184 2.02 90.1
Run 3: Configuration B, 0.5 nozzle, no flameholder
44 36 260 (0.143 26.4 118 202 1.81 |88.7 88,5
339 | .185 27.7 120 194 1.67 Bl.5 82.1
391..| .243 29.8 121 180 1.81 |88.7 88.5
513 .280 32.8 120 164 1.96. |91.8 89.4
624 .342 34.9 120 154 2.05 (88.6
706 .387 35.7 120" 146 2.12 84.5
836 .459 33.0 121 138 2.22 93.2| 94.0
948 | .521 41.0 122 131 2.18 93.7| 94.0
1101 . 805 T 43.1 123 125 2.28° |92.1} 90.2
1266 .| .700 45.7 124 117 2.42 92.0| 99.5
1576 .864 48.4 1lz2 111 1.97 87.9
| 4 1562 | .860 48.2 12z 112 1.78 |87.7
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TABLE I. - Continued. PERFORMANCE OF HYDROGEN IN A 16-INCH-
DIAMETER RAM-JET ENGINE
Combustor length Hydro-| Equiva- Combustor inlet air Exhsust- Combustion
from fuel injectors|gen lence nozzle efficiency
weight| ratio Pressure, |Tempera-|Ve- pressure
To quench | To pres-|flow, in. Hg abs|ture, locity,| ratio Heat |Total| Bare-
spray sure 1b/hr oF £t /sec bal- [pres-|wire
nozzles rake and .| ance|sure |thermo-~
thermo- couples
couples
Bun 4: Confliguration B, 0.5 nozzle, no flameholder
44 36 243 {0.153 25.0 232 223 1.52 87.8 92.4
311 .193 26.3 237 216 1.60 }79.3 85.7
331 .205 27.1 233 209 1.64 84.2 93.7
278 .297 30.4 232 186 1.82 }90.1 91.5
542 .340 32.0 234 175 1.89 91.6 90.4
622 .390 31.9 234 176 1.80 88.4
678 .425 33.7 234 166 1.89 85.8
851 .533 37.0 234 152 2.12 90.8
1033 . 647 39.7 235 142 2.19 91.4] 93.2
1194 . 748 42.0 236 134 89.4
1255 .789 42.7 238 132 88.3
[ 1547 .971 45.7 236 123 87.0
Run 5: Configuretion B, 0.5 nozzle, no flameholder
44 36 187 | 0.107 23.7 247 238 1.64 57.0
234 .146 24.6 234 229 1.63 72.0
260 .164 25.4 228 219 1.65 91.0
319 .199 26.8 223 207 1.71 78.0
_ 412 .280 29.1 231 191 1.85 83.0
464 .293 30.0 238 186 1l.01 83.5
498 317 30.7 235 180 2.16 85.5
Run 6: Configuration B, 0.5 nozzle, no flameholder
44 36 255 10.243 28.1 650 320 1.84 (99.4 80.3
328 .289 29.3 651 307 1.93 [90.5 76.0
357 .308 29.8 652 303 1.9¢ |90.8 79.0
439 .358 31.5 651 286 2.04 |88.1
509 .402 32.8 651 275 2.10 |90.9
575 .443 34.1 651 264 2.14 |91.1
734 .542 37.0 651 243 1.96 |94.1
817 .594 38.1 653 237 2.02 93.6
895 . 642 339.1 654 231 2.07 |94.0
999 .708 40.4 654 224 2.13 |92.4
1128 .788 41.5 654 217 2.20 (90.2| 91.7
) 1320 .909 42.9 651 210 2.28 |86.0| 96.8
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TABLE I.

- Continued.

PERFORMANCE OF HYDROGEN IN A 16-INCH-

DIAMETER RAM-JET ENGINE

NACA RM E55J18

Combustor length Hydro- | Equiva- Combustor inlet air Exhaust~ Combustion
from fuel injectorsigen lence nozzle efficiency
weight|ratic Pressure, |Tempera-|Ve- pregsure
To quench | To pres- |flow, in. Hg abs| ture, locity,| ratio Heat | Total|Bare-
spray sure 1b/br °oF ft/sec bel-|pres-|wire
nozzles rake andi’ ance|sure (thermo-
thermo- ° couples
couples
Run 7: Configuration A, 1.0 nozzle, no flasmeholder -
28 26 79 [0.198 135.2 628 336 None [88.4 88.4
114 .242 13.9 618 315 82.7 84.5
140 .275 14.1 618 - 311 80.8 8l.8
181 | .325 14.4 518 305 71.9 69.8
213 .365 14.9 - 616 294 71.8 73.8
246 .408 15.4 615 284 74.1 73.5
299 .472 15.8 615 275 77.6 79.1 ~
35 .517 16.7 517 283 B2.4
449 .659 i8.8 619 234 91.5
544 177 20.1 618 218 94.1
} 707 | .980 22.0 621 200 90.1 *
794 |1.088 22.8 623 1395 85.4
Run 8: Configuration B, 1.0 nozzle, no flameholder
44 38 . .241 0.150 19.9 230 283 None 72.91 84.5
307 .191 21.1 234 267 72.6 84.9
340 .213 21.6 235 260 74.2 86.6
[X-¥'N .275 23.5 233 241 8l1.6 88.2
460 .292 24.0 230 229 84.5
883 . 349 26.9 230 217 87.5
6574 .413 27.9 230 205 91.0
748 461 28.8 238 198 g91.5
797 494 29.2 237 195 91.7
1037 641 32.3 236 177 83.0
1129 . 745 33.6 239 170 89.4
1325 .803 34.6 23g 169 87.2
Run 9: Configuration €, 1.0 nozzle, no flamehdlder
26 6.2 [0.082 9.2 252 172 None 17.1
9.1 .120 9.2 251 172 26.6
11.6 .154 9.3 250 170 39.6
14.1 .183. 9.7 247 162 47.5
18.4 224 10.5 228 155 54.4
21.86 .263 10.5 224 154 63.5
23.9 .288 10.9 223 149 61.9 "
27.4 322 11.2 222 144 69.0
30.4 .355 11.3 221 143 69.0
Y 34.0 | 411 11.4 222 142 72 'PJ »
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TABLE I. - Concluded. PERFORMANCE OF HYDROGEN IN A 16-INCH-

DIAMETER RAM-JET ENGINE

(RN WS

Combustor length Hydro-| Equive~ Combustor inlet air Exhaust~ Combustilon
from fuel inJectors [gen lence nozzle efficiency
weight|ratio Pressure, |Tempers-|Ve- pressure

To quench{ To pres- |flow, in. Hg &bs|ture, locity,; ratio Heal|Totel|Bare-

sprey sure 1b/hr oF £t/sec bal-|pres-| wire

nozzles rake and ance!sure |thermo-
thermo- : couples
couples

Run 10: Configuration B, 0.5 nozzle, flemeholder

a4 36 224 |0.141 24.3 232 230 1.57 |79.3 76.1
315 | .198 25.4 236 221 1.65 |71.9 68.9
372 | .233 27.1 236 207 1.76 {76.7 76.7
453 | .284 29.0 235 194 1.98 |82.7 77.7
520 | .327 30.8 259 183 2.09 |87.8
626 | .394 33.0 241 171 2.24 |s6.6| 95.8
718 | .449 35.3 235 160 2.36 |94.5| 98.4
800 | .500 36.6 231 153 2.44 |92.2| 97.9
go4 | .559 38.3 252 147 2.48 |o2.0| 97.7
1069 | .670 0.6 235 138 2.59 |92.0| 96.0
1151 | .721 40.5 235 139 2.24 |96.9| 95.8
} 1457 | .913 36.2 238 156 2.44 |s9.8| 93.4

Run 11: Configuration A, no 1.0 nozzle, no flameholder

16 14 10z [0.209 13.6 816 319 None 73.8
128 243 15.8 618 313 71.1

169 | ..293 14.5 615 300 75.8

206 .338 16.2 615 269 83.7

251 394 18.7 618 234 82.1

292 444 17.6 618 249 85.7

305 .464 17.7 618 246 88.9

424 .809 19.6 616 223 88.3

498 704 20.8 618 208 95.9

544 .762 21.4 618 204 95.8

619 .855 22.3 618 196 91.6

[ Y 862 |1.161 24.0 622 182 [ 8l.4
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]
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Section B-B a
(a) Conosntric-ring injector, 25° 2 Diam —-—¢
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Ca‘nl:urbodyl
(b) Badial injsotor.

Figwre 2. - Fuel-injector designs. (ALl Aiwemsions in inches,)
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Spark plug

LAY

Fuel injector

Flameholder

Cemterbody
(dovnstream end)

e

(c) Detall of radlal fuel injector snd flameholder.

Figure 2. - Concluded. Fuel-injector designs. {All dimensions in inches.)
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1.0 Nozzle (16" diam)

(a) Configuration A.

Figure 3. - Engine configurations.
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Radlal injector

NACA EM E55J18

(b) Coufiguration B.

- Comtimed. ZEngine configurations.

Figure 3.



Fuel spray rings

{c) Configuration C.

Figurse 3, - Comcluded,

Support plate

Englone configurations.
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Combustion efficiency, percent

ol NACA RM ES55J18

o
100
ju] (=] e O
/ D\
N ° o ™~
n
80
L4 Run Inlet Inlet Inlet static Combustor
C/G temp., velocity, pressure, length,
OF ft/sec  in. Hg abs in. .
®
o 1 230 246-125 22.7-45.0 34
60 A o 2 640  317-184  28.8-50.5 28 A
PY Method of determining efficiency:
o’c Open symbols  heat balance -
Solid symbols direct thermocouple
Tailed symbols +total pressure
{ [ i I ! } I
40 -
(a) Configuration A with 0.5 exhaust nozzle.
100 g
74
FO~Ar——y
D 5 - —
-
80
Run Inlet+ Inlet Inlet static
temp., velocity, pressure,
°F ft/sec  in. Hg abs
20 —
$ o 3 120 202-111  26.4-48.4
o 4 230 223-123% 25.0-45.7
& 8 230 238-180 7 23.7-30.7 |
I A 6] 840[ SZT-ZlO I 28.?-42.9|
05 .2 .4 ' .6 ' .8 1.0 C 1.2

Equivalence ratio
(b) Configuration B with 0.5 exhaust nozzle; combustor length, 44 inches.

Figure 4. - Effect of"inlet—airltemperature on combustor performance.
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Run Inlet Inlet  Inlet stetic Exhaust
temp., veloclty, pressure, nozzle

.

ft/sec  in. Hg &bs

o 2 640 317-184 28.8-50.5 0.5
7

640 340-195 13.2-22.8 1.0

Method of determlning efficlency:
Open symbols hegt balance

Solid symbols direct thermocouple
Talled symbols +total pressure
]

100
F—0——t
_\D\
/D- ~,
80
+
§ 60
o '(a) Combustor A with 0.5 and 1.0 exhgust nozzles; combustor length,
s 28 inches.
b I l | l | | ]
g Run Inlet Inlet Inlet static Exhaust
o temp., veloclty, pressure, nozzle
g ft/sec in. Hg abs
v
o o 4 230 223-123 25.0-45.7 0.5
o o 8 230 283-169 19.9-34.6 1.0
5
5 100
S :
hd Z’ Q % 3 C—
o N n o . ol: N
80 L g '
6 g~
600 .2 .4 .6 .8 1.0

Equivalence ratio

(v) Combustor B with 0.5 and 1.0 exhaust nozzles; combustor length,
44 inches.

Filgure 5. - Effect of pressure on combustor performance.
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Combustion efficiency, percent

U NACA RM ES5J18
100
80
/ .
/ *e
60 4
/ °
‘o
Run Inlet Inlet Inlet static
temp., veloclity, pressure
40 2 2 4l 3
hd °F ft/sec in. Hg abs
° 9 230 172-142 9.2-11.4 i
° 1 230 246-125 22.7-45.0
20
[
0 .2 .4 .6 .8 1.0

Equivalence ratic

(c) Configuration C (1/6-sector of configuration A); efficiency
determined from direct thermoccuple messurements.

Figure 5. - Concluded., EBffect of presgsure on combustor performance.
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Combustion efficlency, percent

Combustion efficiency, percent

100

80

60

A

29

T

T T T
"Run Inlet Inlet

op ft/sec  in. Hg abs

o 4 230 223-123 25.0-45.7 No
| 16 230 230-138 24.3-40.6 Yes

Method of determining efficiency:
Open syuwbols heat balsnce

Solid symbols direct thermocouple
Tailed symbols totel pressure

I 1 1
Inlet static Flame-
temp., velocity, pressure, holder

O o
g o <7 |7 o
F—E_T od M —00o.

c! T o -~&i\\°

.2

4 -6 ' .8 - TL.O
Equivelence ratio

1.2

Figure 6. - Effect of flameholder on performence of configuration B with
0.5 exhasust nozzle.

100

80

Run Inlet Inlet  Inlet static Combustor

tegg., velocity, pressure, length,

ft/sec  in. Hg abs in.
7 640 336-195 13.2-22.6 26
© 11 6840 319-182 13.6-24.0 16

—

‘0

o
Y
A

/

o\

jd ~

(7

.4 .6 -8 1.0
Equivalence ratio

1.2

Figure 7. - Effect of combustor length on performsnce of configuration A.
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"

"

Profile
temperatures,

2168

2100

(a) Configuration A; run 1.

Exhaust nozzle, 0.5; combustor lnlet air
temperature, 230° F; combustor static pressure, 29.2 inches mercury
absolute; equivalence ratio, 0.31.

Figure 8. -~ Temperature profiles at exhaust nozzle.
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(b) Configurstion B; run 5. Exhsust nozzle, 0.5; combustor inlet air
tempersture, 230° F; combustor static pressure, 30.7 lnches mercury
sbsolute; equivalence ratio, 0.32.

Figure 8. - Continued. Temperature profiles at exhaust nozzle.
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Profile
temperatures,
oF

2100

(=) Configuration A; run 2.

Exhsust nozzle, 0.5; combustor inlet ailr
tempersature, 840° F; combustor static pressure, 33.1 inches mercury

absolute; equivalence ratio, 0.276 +0.083 vltiation correction. =

Figure 8. - Concluded. Temperature profiles at. éxhaust nozzle.
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Run Inlet ZExhaust Number of Config-
temp., nozzle thermo- uration
of couples
o 3 120 0.5 18
o 4 230 0.5 15
o 5 230 0.5 44 B
46 A 6 640 g.5 16 :
¢ {d 8 230 1.0 16
i 10 230 0.5 16
io 1 230 a.5 34
' 2 640 0.5 34 A
47 k4 7 640 1.0 34
A 11 640 1.0 34
>
38
e o
=] o]
340
g Co 5
:T J—q
o
ot
E o |
o 300
(0}
o
[ ] C . <
g ¥ ol
2 260 2
é, R d °
g e
g 220 o B
= &
® & 1
T D
. -
1801z g a
b ;
140
L
| A
120
.10 .14 .18 .22 .26 ) .30 .34 .38 .42
Equivalence ratic
Figure 9. - Mean temperature deviation as a function of equlvalence ratio.
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Combustion temperature, °R

50
Inlet air L1 —_—
| ] _‘_,_;__.-—-“‘/
+ ture,
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p—"
640 | "] —
0 1=
2000 /: ,/’ﬂ
/
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2000 7 A
/ i /
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/ %/ ..
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0 .1 2 .3 : “ .5 .6 g .8 9 10
Equivelence ratio . )
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A, Btu/lb air

Figure 10. - Theoretical combustion temperature of gasecus hydrogen at 45° F and air tempersturss of 1209, 250°, and
64C° F. Combuation vreasure, 2 atmogpheres.
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